Abstract-A long-standing impediment for applications of optical techniques in cellular biology is the inability to characterize subcellular structures whose dimensions are much less than about 1 m. In this paper, we describe a method based on light scattering spectroscopy that can find the size distribution of subcellular organelles as small as 100 nm with an accuracy of 20 nm. We report experiments using aqueous suspensions of subcellular organelles enriched in mitochondria, zymogen granules, and microsomes. From the observed light scattering spectra, we extract size distributions that are in excellent agreement with the results of electron microscopy. Further studies are underway to extract the shapes of organelles in addition to their sizes.
cells [1] . Researchers are studying various modifications of optical microscopy because of the noninvasive nature of visible light [2] . However, because absorption of visible light by cellular structures is very weak, cells routinely require staining to provide optical contrast, and staining may interrupt normal cell function. There are several microscopic techniques which attempt to circumvent this problem by taking advantage of the subtle differences in refractive index between cell structures and their surrounding medium, for example, phase contrast and interference contrast microscopies. However, these techniques only take advantage of changes of the refractive index over a relatively narrow wavelength band and do not utilize internal interference of light. Furthermore, because of diffraction, optical microscopy has difficulty resolving objects smaller than the wavelength of the light used [3] . This constrains the spatial resolution of conventional optical microscopy to approximately 1 m. In this paper, we report observation of subcellular organelles well beyond the diffraction limit and without staining, by utilizing organelle relative refractive index as well as organelle internal light interference. The technique we are using is based on light scattering spectroscopy (LSS). Although LSS has been used to characterize structures larger than a wavelength [4] [5] [6] [7] , in this paper we specifically concentrate on organelles that are smaller than a wavelength, since they represent an important challenge for optical techniques.
Previously, LSS has been used to characterize changes in tissue on the cellular scale and to detect dysplastic changes in epithelial tissues. In 1998, Perelman et al. observed characteristic LSS spectral behavior in the light backscattered from nuclei of human intestinal cells [4] . Later these studies were extended to several more organs by Backman et al. [5] and Wallace et al. [8] . Bigio and Mourant [6] and Mourant et al. [9] demonstrated that spectroscopic features of elastically scattered light could be used to detect the transitional carcinoma of the urinary bladder and adenoma and adenocarcinoma of the colon and rectum with good accuracy. Backman et al. [10] , Sokolov et al. [7] , and Jacques et al. [11] used LSS in combination with polarized light to remove the multiple scattered light and improve the extraction of single-scattered light.
Recently, there has been increased interest in studying subcellular morphology using various light scattering techniques. Mourant et al. [12] , [13] studied the spectral and angular dependence of light scattering from fibroblast cells. Boustany et al. [14] used an optical scattering imaging technique to study morphological changes in functioning cells. Wax et al. [15] used angle-resolved low coherence interferometry to study cellular organization in cell monolayers. Backman et al. [16] studied light scattering from cells and reported observation of signals from both nuclei and smaller organelles. And Drezek et al. investigated the influence of cell morphology on scattering patterns [17] .
In this paper, we investigate the ultimate spatial resolution and accuracy of LSS in sizing subcellular organelles and demonstrate that LSS could be a powerful tool to study functioning biological structures down to 100 nm in size.
II. THEORY OF LIGHT SCATTERING BY SUBCELLULAR ORGANELLES
Our goal is to extract information contained in light scattering spectra about the size distribution of small, intracellular organelles. Therefore, we need a model that describes light scattering spectra in terms of organelle physical properties. From the optical point of view, subcellular organelles can be described approximately as spherical particles with refractive indexes slightly different from the refractive index of the surrounding medium . The range of relative refractive indexes for subcellular organelles is 1.03 to 1.06 [18] . In this paper, we use Mie theory to model the scattering spectra of organelles. Mie theory provides an exact analytical solution for the scattering of a plane wave by a sphere; however, it can also provide a first-order description of optical effects in nonspherical particles [19] . Since small organelles in general have spheroidal shape (both prolate and oblate) and since spheroids are randomly oriented in our samples, Mie theory should be a good first-order approximation. Our recent preliminary studies indicate that LSS can sense the shape of organelles as well, and we will publish those results in a subsequent paper on this topic.
Mie theory is an exact solution to the problem. However, it is not easy to recognize which parameters dominate the result. It provides the relative scattering intensity at the detector in the form of a complex series which depends on a large number of parameters, such as diameter of the scatterer , incident wavelength , refractive indexes of the scatterer and surrounding medium , scattering angles and , and polarization state of the incident wave. The intensity is also scaled with a factor where is the distance from scatterer to detector. All these parameters affect the scattering spectrum, which makes it difficult to extract scatterer size distributions, especially if values for many of the parameters are unknown.
However, since we are interested in the scattering of incoherent, nonpolarized light by organelles, which are smaller than a wavelength, the problem can be significantly simplified. The Rayleigh-Gans approximation [19] , which should be quite accurate for small scatterers with relative refractive indexes close to unity gives a good idea about the importance of various parameters. It reveals the fact that the shape of the scattering spectrum depends strongly on the size parameter and very weakly on the scattering angle . It also shows that the amplitude of the scattering spectrum is linearly scaled with and the scaling factor, which now can be written as . The Rayleigh-Gans approximation yields
(1) where is a form factor [20] . From (1), it is easy to see that the relative refractive index affects only the magnitude of the scattering intensity but not its shape. Angular effects are even weaker. There is less than 3% change in the scattering intensity for the range of scattering angles from 155 to 180 . For our experimental measurements with a fiber-optic probe (Fig. 1) , the range of scattering angles was even narrower. Using simple geometrical considerations, it is easy to see that the backscattering angles are limited by the following expression: (2) where is the separation of the delivery and collection fibers, is fiber core diameter, is the deviation of the fiber probe from the normal direction, and is the distance from the tip of the probe to the sample. Using typical numbers of m, m,
, and mm, we find that the range of backscattering angles is smaller than 5.6 . This angle range results in a 0.3% variation in the scattering intensity.
These analytical results also agree with calculations using the Mie model, for which we adapted the BHMIE code described in [19] . Fig. 2 illustrates the results of these calculations. We used the differential scattering coefficient , where is scattering phase function, and is the scattering coefficient, because it is dimensionless and is independent of the distance from scatterer to detector. Also, since the inverse size parameter is linearly proportional to the wavelength, we plotted differential scattering coefficient versus the inverse size parameter in Fig. 2 in order to agree with the usual way of plotting scattering coefficients.
The resulting composite graph represents the differential scattering coefficient for spherical particles over a wide range of parameters. Diameters from 20 to 900 nm and wavelength range from 400 to 800 nm are included. We plotted three spectra for the following relative refractive indexes and scattering angles: and , and , and . The relative refractive indexes are within the range of organelle refractive indexes provided in this section and the scattering angles are within the range limited by the NA of the delivery and collection fibers in the LSS probe NA . The graph shows that the smallest scatterer size that can be detected reliably without number density information is about 100 nm. For smaller sizes, the spectrum becomes practically indistinguishable from the Rayleigh scattering spectrum, which is proportional to . For size information in this region, one needs an independent measurement of the number density. It also shows that the effects of scattering angle and refractive index for the spectral range and the range of the particle sizes considered can be neglected. Thus, the only important parameter that affects the LSS spectrum is the size of the scatterer.
III. RECONSTRUCTION OF THE NUMBER DENSITY DISTRIBUTION
The experimentally measured LSS spectrum collected in a particular solid angle is a linear combination of the LSS spectra of subcellular organelles of various types, sizes, and refractive indexes. However, since we are dealing with only relatively small, submicrometer, organelles, the problem is simplified. We can safely assume that the LSS spectrum is independent of relative refractive index and scattering angle and choose values of and within the range described in Section II. Then we can express the experimental spectrum as an integral only over the organelles' diameters (3) where is the LSS spectrum of a single scatterer with diameter (within the range from 0 to ), is the organelle size distribution, and is the experimental noise.
From Fig. 2 , it is easy to see that very small nm scatterers exhibit Rayleigh behavior proportional to . In an actual spectrum the origin of the Rayleigh part could come from very small particles present in a cell and also from large protein macromolecules. This Rayleigh contribution should be removed from the spectrum. To do this, we can rewrite (3) as (4) where the unknown constant is proportional to the number of Rayleigh scatterers contributing to the total spectrum. To remove the Rayleigh term, we multiply (4) by and take a derivative of both sides of the equation (5) Let us introduce the following notation: , and . Then (5) can be written as a discreet sum over organelles' diameters (6) where is a discreet size distribution. To extract this size distribution, it is convenient to write (6) in matrix form (7) The dimension of the vector is determined by the number of spectral points; the dimension of the vector is determined by the range of the diameters to and the size resolution . Thus, the dimension of the matrix is equal to . Since a certain amount of noise is present in the experimental spectrum , it is not feasible to calculate the size distribution by directly inverting the matrix . Another method that can be used to solve (7) is minimization of the functional (8) where the sum is calculated over all spectral points. However, since the matrix is ill-conditioned, (8) constitutes an ill-posed problem [21] [22] [23] [24] . To solve it, we need to employ additional prior information about the spectrum. For example, researchers previously assumed that the size distribution has a particular known form, such as a single-mode Gaussian distribution [10] or a skewed logarithmic normal distribution [25] . However, in our case, we are not dealing with a single type of organelle but with a mixture of organelles of different types. Therefore, these single-mode distributions are not sufficient to describe the multimode distribution of sizes due to different types of organelles.
Thus, we do not make any assumptions about the form of the size distribution except that the size distribution cannot be negative (9) This is an important constraint, which makes the solution of the problem (8) stable. We then used the linear least squares with nonnegativity constraints algorithm [26] , [27] to invert the size distribution.
We can also optimize the dimensions and . To do so, we evaluated the amount of information present in the light scattering spectra. The spectroscopic range of our system is from 284 to 831 nm with a resolution of 4 nm. However, since the spectrometer, charged-coupled device (CCD) combination has a low efficiency below 340 nm and there are optical distortions in the system above 780 nm, we chose to use data collected in the range 345 to 745 nm. This constitutes a bandwidth of 400 nm for independent spectral points. Thus, the highest number of points across the range of sizes should be limited by 100. Since our Mie scattering calculations showed that the LSS spectra of small scatterers are predominantly smooth with only a few sharp spikes, the number of points needed to resolve the sharpest features of the spectra is only about half that number. For the range of sizes from nm to nm, we use which gives a size resolution nm. The size resolution of nm is in good agreement with the accuracy of the LSS technique, which we established in the calibration studies with submicrometer polystyrene beads described in Section V.
Because the CCD in our system has 1024 pixels in the spectral dimension or 0.5 nm per pixel, the actual number of the data points from 345 to 745 nm interval is 800. This data is highly redundant since, as we explained above, only 100 spectral points are independent. However, by using all 800 points, we reduce the noise by a factor of or 2.8 times.
IV. EXPERIMENTAL ARRANGEMENT LSS spectra were collected using the experimental system described in Fig. 3 . A 100-W xenonarc lamp was used as a source of white light. An imaging spectrograph (Acton Research SP-150) and a high efficiency CCD with thermoelectric cooling (Andor Technology DU-434-FI) were employed for light detection in the 290-820-nm wavelength range. The detector was controlled by a computer, into which the data were transferred, stored, and processed. We delivered and collected light using an optical fiber probe, consisting of a central delivery fiber and several rings of collection fibers, with a 200-m core diameter and an NA . The probe was placed 4 mm away from the sample at an approximately 25 angle to prevent specular reflection returning to the collection fibers. The sample consisted of a liquid suspension of either beads or organelles held in a Petri dish. The dish was mounted on a vertical translator which was used to adjust the distance between the sample and the fiber probe. Since the sample was mostly transparent, a light trap was placed below the Petri dish.
V. RESULTS

A. Technique Calibration
In order to calibrate the LSS system and to establish the ability of LSS to detect and differentiate submicrometer particles, we performed experiments with polystyrene microspheres with diameters of 175 and 356 nm (Polyscience, Inc.) suspended in water and glycerol.
We first performed measurements on binary mixtures of polystyrene microspheres in water and established that the technique could separate particles of multiple sizes. However, the relative refractive index of the microspheres in water is substantially higher than that of subcellular organelles in cytoplasm, which is in the range - [28] . Therefore, we used glycerol to decrease the relative refractive index of beads to 1.07-1.1 in order to better approximate biological conditions. We used the measurements on polystyrene beads in glycerol as a calibration of the technique since the index match is closer to that expected for organelles.
The suspensions were prepared so that the optical thickness was 0.2 ( , where is the scattering coefficient and is the distance into the solution. A photon propagating through a medium with will undergo one scattering event on average.) The refractive index of the beads can be accurately described by the expression [29] ( in nanometers). Thus, the relative refractive index of microspheres in glycerol is -leading to realistic relative refractive indexes for subcellular organelles.
The spectra predicted by Mie theory were fitted to the data using least-squares minimization, as described in Section III. The experimental spectra and resulting fits are shown in Fig. 4(a) for microspheres with nominal diameters of 175 and 356 nm. LSS yielded the distributions shown in Fig. 4(b) . The peaks of the distributions are 155 and 346 nm. These distributions can be overlaid with Gaussian functions, which yield standard deviations of 27 and 39 nm for the distributions peaked at 155 and 346 nm, respectively. The manufacturer provided specifications for the two sizes of microspheres used as 175 nm with a standard deviation of 10 and 356 nm with a standard deviation of 14 nm, which is in good agreement with our reconstructed distributions. (The manufacturer does not provide the functional form of the size distributions for either size of microspheres.) Based on these numbers, the accuracy of the LSS method is estimated to be 20 nm.
B. Cell Subfractionation
We then performed LSS experiments with suspensions of nuclei, mitochondria, zymogen granules, and microsomes extracted from cells by means of differential centrifugation. Differential centrifugation is the most common technique for the separation of cells and subcellular fractions, and is a routine method in biomedical laboratories. Separation takes place as a function of the difference in the terminal velocities of different particles, as determined by Stoke's law (10) where is the terminal velocity of the particle, the diameter of the particle, the centrifugal acceleration, the viscosity of the medium, the density of the particle, and the density of the medium. Each fraction obtained through differential centrifugation contains a few different types of organelles, which have similar sedimentation velocities, i.e., similar values of . Further separation can be achieved by centrifugation on density gradients or by more complex technologies.
Pancreatic exocrine acinar cells represent a suitable cell type for the study of subcellular fractions, due to their availability and to the presence of a unique subcellular structure, the secretory zymogen granules (secretory vesicles containing inactive precursors of pancreatic enzymes). This makes it the cell type of choice for the study of the events involved in the synthesis and secretion of proteins.
Zymogen granules have variable sizes, with a maximum diameter of 1.3 m. The rest of organelles include mitochondria, variable in size and shape, ranging between 0.2 and 1 m; and ribosomes, small opaque particles of 15 nm in diameter, present in membranous structures (rough endoplasmic reticulum or microsomes) [30] .
In the present study, pancreatic acinar cells from rats were subfractionated by differential centrifugation, following a protocol based on the method described in 1967 by Jamieson and Palade [31] for the same cell type in guinea pigs. Briefly, adult rats were sacrificed by asphyxiation and pancreotectomized. Pancreas was minced with scissors, suspended in 8 mL of 0.3-M sucrose and placed in a Dounce homogenizer on ice. Homogenized tissue was transferred to centrifuge tubes and centrifuged at 600 g for 10 min in an International Equipment Company (IEC) clinical centrifuge. The supernatant was transferred to a clean tube and centrifuged at 1000 g for 10 min. The pellet was resuspended in 4 mL of 0.3 M sucrose and labeled as "Fraction 1." The supernatant was transferred to a clean tube and centrifuged at 8700 g for 15 min in a Beckman-Coulter Avanti J-25 centrifuge. The pellet was resuspended in 4 mL of 0.3-M sucrose and labeled as "Fraction 2." The supernatant was labeled as "Fraction 3."
C. Electron Microscopy
Size distributions determined by the LSS method were compared with those determined by electron microscopy. The 0.3-mL aliquots of each fraction were transferred to 0.5-mL BEEM capsules. These capsules were used for centrifuging, processing, and embedding, thus leaving the pellets undisturbed throughout the procedure.
After centrifuging at 14 000 rpm for 5 min, the supernatant was discarded and the pellet was resuspended in 0.3 mL of fixative (2% paraformaldhyde and 1% glutaraldehyde in 0.1 M phosphate buffer). The centrifugation step was repeated and the supernatant was replaced by fresh fixative. The fractions were A plot of reconstructed C versus wavelength for Fraction 1 shows that the reconstructed C is essentially independent of wavelength. stored overnight at 4 C, then rinsed and postfixed in cold 1% osmium tetroxide in phosphate buffer. After buffer rinses and poststaining with alcoholic uranyl acetate, the pellets were dehydrated through an ascending series of ethanol concentrations, followed by propylene oxide, followed by a 50/50 mixture of propylene oxide/Epon Araldite resin and an overnight infiltration in 100% Epon Araldite. The pellets were embedded in fresh Epon Araldite the following day and cured in a 60 oven for 48 h.
The resulting blocks containing the pelleted fractions were sectioned using an RMC MT 7000 Ultramicrotome. Semithin (1 m) sections cut with a glass knife were collected, stained, and examined with the light microscope. At this point, the fixation and curing of the fractions was evaluated and the block was trimmed to encompass the tissue for thin sectioning. The orientation chosen for sampling the cell fractions was normal to the gradient that resulted from centrifuging. The tissue was sampled at increasing depths from the tip of the capsule. At each depth, thin sections were cut with a diamond knife to a thickness corresponding to reference interference colors between silver and gold (approximately 60-80 nm). The sections were placed on formvar-coated copper slot grids and examined and photographed with a Phillips 200 electron microscope at both low and high magnification. The initial perusal of the sections at low power was to confirm the homogeneity of the fraction. In cases where there were particles of varying sizes present, all were photographed.
D. Comparison of LSS With Electron Microscopy
Using the reconstruction technique described in Section III, we found size distributions of organelles in Fractions 1 through 3. The experimental and reconstructed spectra from these fractions are presented in Fig. 5 . The fits of the reconstructed spectra are excellent; the relative difference (defined as , where stands for the experiment data and stands for the reconstruction) for Fractions 1, 2, and 3 is 0.28%, 0.25%, and 0.48%, respectively. These values are close to the noise level, which is less than 0.5%.
The corresponding size distributions are presented in Fig. 6 . In each of the three fractions, the total number of smaller particles is significantly higher than that for larger particles. To be able to present size distributions on a single graph, we plotted normalized volume fractions of organelles. Volume fraction is defined as organelle number density multiplied by the corresponding organelle volume.
We compared the extracted size distribution for Fraction 3 with morphometry performed on the same fraction using electron micrographs taken at 45 750 magnification, as described in Section V-C. The result is presented in Fig. 7 . The morphometric measurements were performed by overlaying the electron microscope photograph with a 100-nm step grid and counting particles of various sizes. We estimate the accuracy of the morphometric sizing to be approximately 20 nm. Morphometry was not performed in two small areas in the upper left and upper right corners of the micrograph (marked in darker shades on Fig. 8 ) because of the lack of contrast in those areas. For nonspherical particles, we used a mean diameter as the diameter presented in Fig. 7 . The size distribution of organelles predicted by the LSS technique (Fig. 7) is in excellent quantitative agreement with the distribution measured using the electron micrograph for 140-, 300-, and 400-nm particles.
It should be pointed out that the electron micrographs provided thin section results since the thickness of the electron microscopy sample (60-80 nm) is smaller than the size of the particles being measured, whereas the LSS sample is very Fig. 7 . Comparison of the size distributions of organelles in Fraction 3. The solid line is the distribution extracted from the LSS spectrum and the dashed line is the distribution measured using electron microscopy. thick (2 10 nm) compared with the particle sizes. To compare electron microscopy results to LSS results, we remapped the two-dimensional (2-D) size distribution determined by morphometry of the electron micrograph thin sections to a three-dimensional distribution by scaling the 2-D number density by the power 3/2, which takes into account the frequency of appearance of particles of different sizes in the thin sections.
Fraction 3 (Figs. 6 and 8) contains a large number of small organelles along with a small number of larger organelles. The electron microscopy measurements become inaccurate for the relatively few, large 550 nm particle sizes present in Fraction 3 because of two reasons. First, the electron microscope samples a very small volume compared with LSS, so larger particles can easily be underrepresented because of poor sampling statistics. Second, the thickness of the electron microscopy sections is much less than the diameter of the large particles. Therefore, for large particles, the diameter of the cross sections in the electron micrograph may not represent the actual diameter of the particle. This results in size distributions that are broadened and mean sizes that are underestimated for large particles.
Therefore, electron microscopy methods we used to confirm organelle size distributions are not applicable to sizes much larger than the thickness of the electron microscopy section.
With the LSS technique described here, we were able to reconstruct organelle size distributions up to 1 m. We believe that the LSS accuracy for large particles should be comparable to that shown for small particles in Fig. 7 . This is reasonable given our previous results on polystyrene beads and cell nuclei [4] , [5] . In this paper, we only present results for particles smaller than 550 nm since we have no independent means of verifying large particle data. Furthermore, the main point of the study was to demonstrate that LSS can be used to measure subcellular organelles with sizes much smaller than an optical wavelength.
The LSS data collection time for these experiments is approximately 2 min per fraction; postexperiment data processing to extract size distributions and refractive indexes takes several seconds. This is significantly faster than electron microscopy, where actual measurements with preprocessing and postprocessing are quite lengthy (hours to days).
VI. DISCUSSION
Previous studies have shown that LSS can provide accurate diffraction-limited detection of cells and cell nuclei [18] . The studies reported here demonstrate that LSS can detect and characterize subcellular organelles whose sizes are at or well below the diffraction limit for optical imaging, down to about 140 nm. Equally important is the accuracy demonstrated in characterizing submicrometer size distributions to within approximately 20 nm. In addition, since it should be possible to reduce the combined data collection and processing time from the minutes reported here to less than 1 s, the method has potential to be a real time technique important for monitoring cellular function. Other advantages of LSS are that the technique is noninvasive and nondestructive.
When applied to polystyrene microspheres, this technique provides size and refractive index information confirmed by manufacturer's specifications. Applied to biological systems, the size distributions determined by LSS for subcellular organelles in centrifugation fractions of cell lysates show excellent agreement with the distributions determined by electron microscopy for organelle sizes less than 550 nm. Furthermore, these distributions show very characteristic widths and specific mean diameters, indicating specific types of organelle are being differentiated. For example, Fig. 6 clearly shows a dominant peak at 140 nm characteristic of smooth-surface microsomes [31] -small round particles clearly visible on the electron micrograph. The three peaks in 300-500-nm region are probably rough-surface microsomes, mitochondria, and zymogen granules of several sizes.
The centrifugation procedure creates fractions enriched in a predominant structure in addition to a mixture of other particles. As we go from Fraction 1 to Fraction 3, we can see this progression. Fraction 1 was enriched in zymogen granules and Fig. 6 shows a large number of 500-nm particles. The main component of Fraction 2 was mitochondria and Fig. 6 shows that many of the larger particles have been removed. Fraction 3 mostly contained both rough (ribosome containing) and smooth (non-ribo-some containing) microsomes (endoplasmic reticulum derived vesicles), as well as membrane fragments. The distribution of sizes for Fraction 3 is shown in Fig. 7 and analyzed in detail in Section V-D. Fig. 6 also confirms that for the cell type we used, rat pancreatic exocrine acinar cells, smaller organelles, such as smoothsurface and rough-surface microsomes and mitochondria (up to 500 nm in size) have narrow and well-defined distributions.
In order to evaluate the accuracy of the size distribution reconstruction technique, we compared results of the reconstruction with either measurements based on electron microscopy (for the organelles) or data provided by the manufacturer (for polystyrene beads). However, electron microscopy measurements are limited to a small, thin section of the sample and the manufacturer's information was limited to average size and standard deviation. When such confirmatory information is not available, it would be important to supplement the reconstruction algorithm with an independent technique for evaluating its accuracy. One possible method is a numerical simulation of the experimental spectra, including noise, followed by a statistical analysis of the reconstructed results. This analysis will be reported in a future publication.
Clearly, the ability to extract information about such physical properties as the size and shape of scattering particles depends in part on the optical properties of their surrounding medium. The results of Section II show that for particles smaller than 1 m, light scattering spectra depend on scatterer size and refractive index. What is important is that these two parameters affect the spectra distinctly. The refractive index of the scatterer weakly affects the shape of the spectrum but significantly affects its magnitude. Therefore, we can be sure that organelle sizes can be extracted accurately, even though relative refractive indexes are not known precisely. Also, if an independent measurement of organelle size or concentration is available, LSS can accurately measure organelle refractive indexes. Nonetheless, since the refractive indexes of subcellular organelles are within a known narrow range, the technique still can give a good estimate for the total number of organelles. In the studies reported here, subcellular organelles were suspended in an aqueous sucrose medium whose refractive index is precisely determined. This may not be the case in studies using intact cells or cell populations. However, to the extent that the cytoplasm is predominantly aqueous, and to the extent that studies as reported here can be used to determine effective refractive indexes of the organelles themselves, the feasibility of LSS measurements on the organelles contained in intact, viable cells, is clear.
LSS monitoring of organelles requires no exogenous labels that might alter organelle function in viable cells. This, combined with the demonstrated specificity and sensitivity to differentiate individual types of organelle noninvasively and in real time, should enable direct monitoring of normal organelle function, as well as organelle functional response to chemically or genetically induced cell signaling processes in functioning cells. Such studies could provide direct information about how the cell responds to the effects of drugs or about important cell cycle processes such as differentiation and apoptosis. Currently, such information must be inferred from studies of nonfunctional or artificially labeled cells.
VII. CONCLUSION
The technique we developed is capable of sizing subcellular organelles in real time without destroying viability. It has the potential for noninvasive monitoring of intact cells, which could be very important for such applications as studying the effects of various agents on cell function. For example, using this technique one can continuously and noninvasively monitor cells and observe effects of various drugs, study apoptosis, etc.
In the present study, we extracted the mean size of the organelles. The ability to identify specific types of subcellular organelles by their LSS spectra, and hence the ability to monitor specific, viable functioning, will be enhanced by the ability to extract shape information in addition to the size information demonstrated here. Our recent studies show that LSS has a capability of extracting shape information. We are currently working on including the shape of the organelles in the technique and will report those results shortly.
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